t high ambient temperatures, cooling effects for pigs are mainly achieved by respiration of water vapor and, if possible, evaporation of water from the body surface, i.e., the subsequent reduction of the surface temperature. Evaporative or latent heat loss of non-sweating animals can be improved during hot periods by wetting their surface and/or pen surfaces using showers (at small separate pen areas) or misting systems (large/complete pen area, low-pressure systems, <5 MPa), hence increasing the area from which vaporization of water takes place (Morrison et al., 1968 (Morrison et al., , 1972 Götz, 1986; Machado and van Ouwerkerk, 1989; Eigenberg et al., 2002; Huynh, 2005 In consequence, the respiration rate and rectal temperature drops, and feed intake as well as animals' performance increase. In order to reduce water consumption, showers or misting can either be applied specifically at feeding times, with the intention to increase feed intake of the animals (Eigenberg et al., 2002), or periodically, e.g., in intervals of 60 to 90 min (Götz, 1986) .
In consequence, the respiration rate and rectal temperature drops, and feed intake as well as animals' performance increase. In order to reduce water consumption, showers or misting can either be applied specifically at feeding times, with the intention to increase feed intake of the animals (Eigenberg et al., 2002) , or periodically, e.g., in intervals of 60 to 90 min (Götz, 1986) .
Similarly, the indoor air temperature can be lowered by creating a fine fog (large/complete pen area, high-pressure/ fogging systems, >5 MPa). Here, the cooling effect for the pigs is based mainly on the evaporation of the water in the air, an improved temperature gradient, and hence sensible heat dissipation. Advantages in comparison to applying showers or low-pressure misting systems are that water consumption can be minimized, evaporation can still take place at a higher indoor air humidity, and the animals can use and structure their environment in the same way they do for low ambient temperatures. Theoretically, the control of misting and fogging systems can be performed by variations of the supplied water amount, the evaporation rate, or the ventilation rate (Timmons and Baughman, 1983; Gates et al., 1991a Gates et al., , 1991b Arbel et al., 1999 Arbel et al., , 2003 . However, the effects of different control strategies for ventilation and fogging on the indoor air climate in pig facilities in relation to the efficacy of the system have hardly been investigated.
OBJECTIVES
The aims of this study were: S To integrate and validate a data-based model of a fogging system as a submodel in a dynamic mechanistic model used for energy and mass transport simulation in a mechanically ventilated pig facility.
A S To evaluate simulated control settings for ventilation and fogging for estimating the respective efficacy of the fogging system in relation to their influence on the indoor air climate.
THEORY CONTROL CHARACTERISTICS OF DIRECT EVAPORATIVE COOLING SYSTEMS
Fan-and-pad, fogging, and misting systems are used in greenhouses, poultry houses, pig facilities, and partly in dairy facilities for adiabatic indoor air cooling. They generally work best in warm areas with low relative humidity. Compared to indirect evaporative cooling systems and heat exchangers (e.g., earth tubes), initial cost, operating expense, and maintenance problems are all relatively low (ASHRAE, 2003) . Research on the potential and performance of direct evaporative cooling systems in agricultural buildings has been performed mainly in hot climatic regions such as the southeastern U.S., Israel, and southern European countries like Portugal and Greece (Wilson et al., 1983; Baughman, 1983, 1984; Bottcher et al., 1991; Gates et al., 1991a Gates et al., , 1991b Gates et al., , 1992 Panagakis et al., 1996; Arbel et al., 1999 Arbel et al., , 2003 Yanagi et al., 2002; Lucas et al., 2000; Willits, 2003; Haeussermann et al., 2004b) . However, the more frequent occurrence of extremely hot outside conditions, as occurred in 2003, in regions where normally rather moderate temperatures are measured, increases the interest in applicable cooling systems, as well as in their adequate and effective control in new regions.
The principle of fan-and-pad systems is that the incoming air is drawn through wet pads and is cooled before it enters the house. Due to the required active airstream through the wet pads, they are used in mechanically ventilated buildings. The system avoids wetting of surfaces, but features limited control possibilities. The air is cooled mainly at the air inlets, which can cause significant temperature and humidity gradients along the housing (Arbel et al., 1999) . Increasing the airflow rate can potentially extend the evaporative cooling effect towards the exhaust end of the house (Willits, 2003) , but as the air has to be forced through the wet pad, this creates a higher pressure drop at the fan and therefore increases the energy consumption. The most serious problem for application of fan-and-pad systems in animal husbandry is clogging by dust and other airborne particles (ASHRAE, 2003) . Regular maintenance is very important. If not dried out daily and cleaned weekly, the pads tend to clog and grow mold, and hence lose efficiency (Van Wicklen, 2004) . The saturation effectiveness of fan-and-pad systems is defined by the extent to which the temperature of the air leaving the pad approaches the thermodynamic wet-bulb temperature of the entering air (ASHRAE, 2004) . The efficiency of the pads, hence the saturation effectiveness, is mainly influenced by pad design (pad thickness, face velocity) and location (table 1) . In general, new pads provide a saturation effectiveness of around 80%.
Fogging and misting systems can be used with naturally ventilated, open-sided, or mechanically ventilated housing. As basic installation costs are low, these systems generally allow a positive cost balance (Bridges et al., 2003) . Especially when using fogging systems (pressure > 5 MPa), the indoor air is cooled directly. This increases the effectiveness compared to low-pressure systems and allows well-designed fogging systems to generate more uniform temperature and humidity conditions than fan-and-pad systems (Arbel et al., 1999) . In general, fogging will cool satisfactorily with less airflow than fan-and-pad systems. A high-pressure pump forces water at 5.5 to 7 MPa through a special fog nozzle, which creates a fine aerosol in fog range (droplets less than 40 mm in diameter; ASHRAE, 2003) . In order to minimize clogging of the very small nozzle orifices, water quality and proper filtration are critically important. Thus, maintenance is higher with fogging systems than with misting systems and can be as high as with pad systems.
Misting systems (pressure <5 MPa) feature a lower evaporative fraction and a higher tendency for surface wetting than high-pressure systems. If nozzles are placed in the incoming air, water consumption can be reduced, and bedding material is kept dryer (Wilson et al., 1983) . The fraction of fogging/misting rate that evaporates is influenced to a high degree by the droplet size, hence system pressure. It will be approximately 57% for a system pressure of 3.4 MPa (Wilson et al., 1983) , and Bottcher et al. (1991) provided comparison of evaporative fractions due to system pressure for misting systems (table 1) . Nevertheless, Gates et al. (1992) reported considerable differences in the evaporative fraction (66% and 30%) at a constant system pressure of 1.2 MPa, mainly due to different cycling intervals used for misting and differences in inside climatic conditions. Further, the airflow pattern and ventilation rate influences the evaporative fraction by the time the droplets are carried in the airflow prior to being transported outside or to nearby surfaces (Bottcher et al., 1991) . According to Yanagi et al. (2002) , the evaporative fraction and evaporation rate are directly proportional to the product of air velocity and air vapor pressure deficit.
An accurate control of high-pressure fogging systems can be achieved by varying the supplied water amount, the Uniform temperature and humidity conditions, reduced airflow, and independent control of cooling and ventilation evaporation rate, or the ventilation rate. For greenhouses, Arbel et al. (2003) suggested variations in pressure between 4 and 8 MPa in order to vary the water supply between 70% and 100% of the maximum (1300 g m −2 h −1 ) and to ensure continuous operation of the fogging system. According to Gates et al. (1991b) , the control of a fogging system requires a unique combination of ventilation rate and evaporation rate in relation to the desired temperature-humidity index (THI). In order to optimize evaporative cooling systems, operation controlled by real-time infrared thermal images of the animals was tested by Yanagi et al. (2002) .
TEMPERATURE-HUMIDITY INDEX (THI)
Calculation methods for animal-related temperature-humidity indices are developed either by their rise in deep body temperature (Ingram, 1965) or their skin temperature, rectal temperature, and respiration rate (Roller and Goldman, 1969) . Thresholds for the relative safety of animals were defined by the Associated Livestock Weather Safety Index (LCI, 1970) , based on the human discomfort index developed by Thom (1959) , as well as on investigations during transport of animals (Gates et al., 1991b; Hahn et al., 2003) . According to these thresholds, a THI less than or equal to 74 can be considered normal. Alert situations occur for THI values equal to or above 75, whereas THI values from 79 to 83 are dangerous. THI values equal to or above 84 are defined as emergency situations (NWSCR, 1976) . Calculated from temperature (T, °C) and relative humidity (RH, %), the THI (Thom, 1959; NWSCR, 1976) can be computed by the following equation (Hahn et al., 2003) 
Taking the milk yield and performance for cows and poultry into account, Hahn et al. (2003) declared the THI in equation 1 as appropriate to evaluate and control the animal environment during warm seasons, extended partly by variables of air velocity and solar radiation. For growing-finishing pigs, the THI has been used so far mainly to assess the duration and extent of climatic heat stress periods in different regions (Fehr et al., 1983; Panagakis et al., 1996; Lucas et al., 2000) .
MATERIALS AND METHODS
Practical investigations of ventilation without and with adiabatic air cooling were carried out throughout four growing-finishing periods (February 2003 to July 2004 . Separate parts on measured temperature and humidity changes, information on water supply, and ventilation and climatic characteristics were used to develop a dynamic data-based model of the fogging system for the specific building under investigation (Haeussermann et al., 2006) . In a next step, the data-based model was combined with a general dynamic mechanistic model for energy and mass balance simulation in mechanically ventilated pig facilities, which was developed and described in previous work (Berckmans et al., 1992 (Berckmans et al., , 1993 . The focus of this study was the validation of the combined model and an evaluation of simulated control settings for fogging and ventilation. The validation period included approximately 3% of the data used for model parameter estimation.
RESEARCH FACILITY
The research facility for growing-finishing pigs was located in southern Germany on the Talgut Unterer Lindenhof, University of Hohenheim (Hartung, 2001) . Two equally designed and comparable compartments allowed parallel investigations. Both compartments were subdivided into two pens with 27 pigs per pen. The pens featured a slotted concrete floor with a manure pit underneath each ( fig. 1 ). The mechanical exhaust ventilation system was designed as underfloor extraction and was equipped with one separately controllable ventilation fan per compartment. Fresh air was supplied via two porous air inlet ducts per compartment, each arranged centrally above the animal area.
MEASUREMENTS
Three-week long measuring intervals of ventilation without and with adiabatic air cooling were distributed randomly (81 and 99 days, respectively) in the growing-finishing periods and in the two compartments (Haeussermann et al., 2004a) . Temperature and humidity were measured continuously in the incoming air as well as indoors (PT 100 and capacitive, HygroClip, Rotronic Messgeräte GmbH, Ettlingen, Germany; accuracy ±1°C and ±1%, respectively). Time step was one average value per minute. Based on the measured indoor temperature and relative humidity, temperature-humidity indices due to ventilation with and without evaporative indoor air cooling were calculated using equation 1. The values were time-averaged over 15 min.
The ventilation rate was measured continuously in the exhaust shaft, using a calibrated measuring impeller (Multifan, Vostermans Ventilation B.V., Venlo, The Netherlands; accuracy ±20 m 3 h −1 ; Hartung, 2001 ). The energy consumption of the fans, due to different control settings, was calculated according to the simulated ventilation rate and their DLG test report (ETAvent energy saving fan; DLGPrüfbericht, 2002).
FOGGING SYSTEM
Two separately controllable fogging lines were used to cool and humidify the air ( fig. 1) . One was placed in front of the air inlets ducts (two nozzles per inlet) and directed into the incoming airstream. The second fogging line was placed inside the compartments, above the control corridor between the two pens, at a height of 2.50 m (three nozzles per pen). The nozzles of the latter were directed into the incoming airstream below the air inlet ducts. The fine nozzle orifices produced a cone stream of water droplets. The water supply was 88.5 mL per nozzle per minute, or 885 mL per minute per compartment when both fogging lines were operated. The pressure of the pump was fixed at 7 MPa. Droplet sizes and mean residence time of droplets were registered during several test periods using an optical particle counter (model 1.108, Grimm Aerosol Technik GmbH & Co. KG, Ainring, Germany). Thereby, the droplets that were registered within the first minute after the fogging system was turned off, at a height of 1 m, and hence within an already short time of evaporation, were mainly between 0.3 and 1 mm. The mean residence time (time at which the fogging system was turned off until 50% of the droplet were gone) was around 4 min (variation: 2 to 10 min; ventilation rate: 8 to 20 air volume changes per hour).
CONTROL SETTINGS DURING MEASUREMENTS AND VALIDATION
The ventilation rate was controlled using indoor temperature as the feedback variable. Setpoint temperature (T set ) decreased from 25°C to 23°C during the first 5 days, from 23°C to 21°C until day 16, from 21°C to 20°C until day 32, from 20°C to 18°C until day 56, and from 18°C to 16°C until growing-finishing day 70 (table 2). The linear control range was set to 3°C. Maximum ventilation rate was adjusted from 40% to 60% of the ventilation capacity during the growingfinishing period (approximately 5500 to 7500 m 3 h −1 , or 32 to 43 air volume changes an hour).
The fogging system duty cycle was 4 min on / 3 min off. This cycling interval started either when the indoor temperature rose to more than 1.5°C above T set or when the indoor relative humidity dropped below 50% (table 2). The maximum indoor relative humidity was set to 80%. In order to avoid the system being constantly turned on and off, fogging started again with a hysteresis (DRH max ) of −10% after exceeding the maximum relative humidity. The minimum indoor temperature for fogging equaled T set . The control settings for ventilation rate, indoor temperature, and indoor relative humidity were based mainly on current recommendations and practical experiences. Pigs Number and weight of animals [a] 54 pigs per compartment, 25 to 115 kg per pig (growing-finishing day 1 to 111). Weight gain [a] 857 g/day (growing-finishing day 1 to 70); 732 g/day (finishing day 71 to 111). Feeding level [a] (feed energy intake in relation to maintenance requirements) 4.4 to 2.8 (decreasing with increasing animal weight).
Building (thermal) characteristics [a] Compartments Two (7.80 m length, 7.40 m width, 3 m height); concrete slatted floor. Ventilation Mechanical exhaust; underfloor. Heat transfer coefficient 1.4 W/m 2 /°C Thermal capacity construction 1500 W/°C Fogging system [a] Fogging rate 885 mL/min, simulated inside temperature. Ventilation control [a] , [c] Setpoint temperature (T set ) [d] 23°C, 21°C, 20°C, 18°C, 16°C, and 16°C Control range for ventilation rate 3°C (linear) Ventilation rate (m 3 /h) [d] Minimum : 1250, 1450, 1750, 1750, 2050, and 2050 Maximum: 5500, 6000, 6500, 7000, 7500, and 7500 Heating turned on at:
T set − 1.5°C, 1.5°C, 1.7°C, 2.0°C, 2.0°C, and 2.0°C Fogging turned on at:
T i > T set + 1.5°C and RH i < 80%; ∆RH max = −10% or T i > T set and RH i < 50%; ∆RH min = 10% Fogging system duty cycle 4 min on / 3 min off [a] Adopted from measuring periods/research facility. [b] Institute for Physics and Meteorology, University of Hohenheim, Stuttgart, Germany.
[c] Basic control settings for ventilation (variations according to table 4): T i = indoor temperature, RH i = inside relative humidity, and ∆RH max = difference for restarting fogging after exceeding the maximum relative humidity (hysteresis), and ∆RH min = humidity range for fogging after falling below the minimum relative humidity. [d] Growing-finishing day 5, 16, 32, 56, 70, and 111 (increasing/decreasing linearly with increasing growing-finishing time). 
SIMULATION MODEL
The simulation model was composed of a dynamic mechanistic model, developed to evaluate control algorithms for heating and ventilating livestock buildings, and a dynamic data-based model of the fogging system. The general structure of the model and its submodels is shown in figure 2 . The mechanistic model simulates the dynamic behavior of outside temperature and humidity, and the sensible and latent heat production of the animals, and hence calculates the dynamic behavior of the resulting inside temperature and humidity and the corresponding energy use for heating and ventilation.
Inside temperature was derived from inside enthalpy and humidity (Berckmans et al., 1992) :
Moisture and enthalpy balance in the building were calculated according to equations 3 and 4, respectively (modified after Berckmans et al., 1992 ):
Input variables in the different submodel parts were outside weather conditions, number and weight of animals, data on their feed intake in relation to maintenance requirements, building thermal characteristics, fogging rate, as well as control settings for ventilation and fogging (tables 2 and 4).
Data on outside climate (table 2) were processed via fast Fourier transformation and used as dynamic input variables, either for the outside conditions during the measuring and validation period or for reference data of the year 2003 (Institute for Physics and Meteorology, University of Hohenheim). Setpoint temperature, control range, minimum and maximum ventilation rate, as well as start, duration, and end of fogging for the validation of the model were adopted from the measuring periods (table 2). The steady-state level of the total heat production of the pigs was calculated according to the model of Bruce and Clark (1979) , with model variables including air temperature, air velocity, floor type, live weight, and group size. The dynamic heat production of the animals was modeled by considering the process as a first-order system (Berckmans et al., 1992) . Building characteristics included wall and floor heat transfer coefficients and their thermal capacities, as well as the dimensions of the compartments (table 2). The simulation was performed with a time step of 3 s. Data were averaged every 15 min in order to compare simulations and measurements, and every 60 min for the simulation of different control settings during 2003 (tables 7 through 10).
FOGGING SYSTEM SUBMODEL
The newly integrated submodel of the fogging system ("fogging system" in fig. 2 ) supplements the mechanistic model by the dynamic function of the evaporation rate of water and calculates the dynamic increase in indoor humidity due to evaporation (eq. 5):
Hence, the new dynamic behavior of the resulting inside temperature was calculated according to equations 2 and 3. Data-based model parameters (a 1 , b 0 , and b 1 ) were estimated separately for three data sets with mean indoor temperatures of 28°C, 21°C, and 13°C (Haeussermann et al., 2005 (Haeussermann et al., , 2006 . They are listed in table 3.
The model parameter estimation was performed using a single-input, single-output discrete transfer function model for which the general structures are described in Young (1984) as well as in Aerts and Berckmans (2004) . Evaporation rates due to intermediate temperatures were calculated by interpolation. In general, data-based models mainly represent conditions similar to those used for the model parameter estimation. Because indoor humidity exerts an additional influence on the evaporation rate, the model is further limited to regions with temperature-humidity relations similar to the measured conditions (table 3) . However, databased models allow investigation of the general relationships between the control measures and responses of a dynamic system in a specific region, and hence are a useful tool for evaluating the control of fogging systems.
CONTROL SETTINGS DURING SIMULATION (2003)
Control settings for ventilation and fogging (table 4) were simulated throughout one year or three growing-finishing periods (2 Jan. to 22 April, 3 May to 21 Aug., and 1 Sept. to 20 Dec.), using 2003 climatic data for the Hohenheim region of southern Germany. Mean (maximum) outside temperatures during the growing-finishing periods were 3.5°C (21.6°C), 20.1°C (36.4°C), and 8.2°C (29.8°C). Mean relative humidity (dew point temperature) was 73% (−0.9°C), 66% (13.6°C), and 79% (4.8°C).
Basically, two input variables were changed in comparing measuring periods (Feb. 2003 to July 2004 and the simulation in 2003: DRH max was set to 2%, and the fogging system duty-cycle was either shortened to 30/30 s or changed to a continuous cycle. In both cases, the measurements showed high diurnal variations in indoor temperature and humidity, which resulted in unfavorable conditions for the animals. Thus, the simulated settings in 2003 represent already improved control settings compared to those used during the measurements. T set was decreased according to the measurements (table 2) but not below 18°C. The variations of the control settings for simulation (setting 1a to 5c) are listed in table 4.
RESULTS AND DISCUSSION

VALIDATION OF THE COMBINED SIMULATION MODEL
Measured and simulated indoor temperature ranged up to 36°C without cooling and up to 28°C using the evaporative cooling system. The model validation resulted in a good agreement of measured and simulated values, considering mean values, interquartile ranges, standard deviations, and the total variation of the values (table 5) . Simulated and measured indoor temperature and relative humidity differed on average by about 0.2°C and 3% RH without cooling and by about 0.6°C and 3% RH with evaporative cooling. The (LCI, 1970) . standard deviations of the differences between simulated and measured values were 0.9°C and 6% RH without cooling and 0.9°C and 10% RH with cooling. Although the differences between measured and simulated means of indoor temperature and humidity (table 5) were significant, in both cases the difference was within the accuracy of the temperature and humidity measurements.
Similarly to the indoor temperature, the ventilation rate, which was controlled by the feedback of the temperature sensor, was lower for the simulated values than for the measured ones, on average by about 3.0 m 3 h −1 pig −1 without cooling and by about 5.6 m 3 h −1 pig −1 with cooling (total range: 23 to 145 m 3 h −1 pig −1 ; table 5). Measured and simulated values differed with a standard deviation of 9.4 and 12.4 m 3 h −1 pig −1 without and with cooling, respectively.
EFFECTS ON THE TEMPERATURE-HUMIDITY INDEX
For ventilation without additional evaporative cooling, the calculated THI indicated that 13% of the simulated values during the investigation period, in total 567 h, were at or above the alert range (THI > 75), with 4%, or 189 h, classified as dangerous (THI = 79 to 83) (table 6 ). Approximately 2%, or 73 h, were in the emergency category (THI > 84). Without evaporative cooling, the maximum THI was 92 (table 5) . Thirteen days were predicted to have a mean daily THI value above 74, with six days exceeding 79 (table 6). As the average outside temperature during the investigation (14°C) was higher than the typical yearly average in southern Germany, the number of hours in the different classes did correspond well with the analysis performed by Lucas et al. (2000) for pig production in Portugal using indices given by NWSCR (1976) and Ingram (1965) .
The simulation of the fogging system resulted in a reduction of hours in the alert range to 1%, or 34 h (table 6). The maximum THI was clearly lowered to 75 during days with measurements on evaporative cooling (table 5) , and to 77 for the whole investigation period. No dangerous or emergency situations occurred for ventilation with fogging; mean diurnal values were completely below the thresholds, with a maximum THI of 70. Similarly to these investigations, Lucas et al. (2000) reported a positive effect of evaporative pad cooling on the THI, although the indoor humidity increased. Gates et al. (1991b) explained the reduction in heat stress due to adiabatic cooling by comparing the slope of the THI curve and the wet-bulb temperature lines. Provided that the slope of the THI curve exceeds enthalpy, heat stress will be reduced. The desired minimum THI will be at the intersection of the constraint on relative humidity and the minimum achievable wet-bulb temperature, whereby the latter depends on outside wet-bulb temperature, sensible and 
Without cooling 576 h (13%) [a] 13 days [b] 189 h (4%) [a] 6 days [b] 73 h (2%) [a] −−
With cooling 34 h (1%) [a] −− −− −− −− −− [a] Numbers in parentheses are percentage of simulated hours. [b] Number of days with mean daily values above THI limit. latent heat production of the animals, and ventilation capacity (Gates et al., 1991b) . However, the calculation of the appropriate ventilation rate to achieve minimum THI requires knowledge of the evaporation rate of the cooling system.
COOLING EFFECTS AS INFLUENCED BY CONTROL SETTINGS (2003) Simulated Temperature-Humidity Values for Ventilation With and Without Cooling
The distribution of the simulated indoor environment as numbers of hours in specific temperature-humidity categories is demonstrated in tables 7 through 10. The shaded areas indicate the number of simulated hours below 100, between 100 and 1000, and above 1000.
Without cooling, at least 1265 h (15.8% of total simulated hours) exceeded an indoor temperature of 24°C, while the indoor humidity remained mainly below 80% (table 7) . Maximum THI reached 91. Due to continuous fogging (setting 1a in table 4), indoor temperatures above 28°C were completely avoided (table 8), indoor temperatures above 24°C to a maximum of 26.4°C were reduced to 187 h (2.3% of total simulated hours), and maximum THI was reduced to 70.
The simulation of a continuous fogging cycle (setting 1a in table 4) and a fogging system duty cycle of 30/30 s (setting 1b in table 4) resulted in a maximum reduction of indoor temperature by about 10°C and 6°C, respectively. For the latter, the number of hours with temperatures above 24°C was reduced only to 287 h; 66 h were still above 28°C. For both settings, the indoor humidity was shifted up and featured an increased number of hours with RH above 60% to a maximum of 86%. The remaining hours with temperatures above 24°C consequently featured an indoor humidity mainly above 60% (maximum THI = 80). [a] Control range = 3°C, maximum ventilation = 7500 m 3 h −1 / 139 m 3 h −1 pig −1 . Shaded areas indicate the number of simulated hours below 100 (no color), between 100 and 1000 (light color), and above 1000 (dark color). [a] Maximum humidity = 80%, ∆ T set = 1.5°C, control range = 3°C, maximum ventilation rate = 7500 m 3 h −1 . Shaded areas indicate the number of simulated hours below 100 (no color), between 100 and 1000 (light color), and above 1000 (dark color).
Ventilation Settings in Relation to Temperature Reduction, Water Consumption, and Energy Use
The annual simulated water consumption for setting 1a (continuous cycle; table 8) was 44 m 3 , 2.45 L d −1 pig −1 , or 815 L per animal place per year (three growing-finishing periods). Due to the fogging system duty cycle (setting 1b in table 4), the annual consumed water amount was reduced to 39 m 3 . However, annual water consumption was also reduced to 38 m 3 for continuous fogging, either by increasing the difference to the set temperature (D T set ) at which fogging started from 1.5°C to 3°C (setting 2; table 9) or by decreasing the maximum ventilation capacity from 7500 to 5000 m 3 h −1 (setting 3; table 10), which increased the number of hours with indoor temperatures above 24°C only to 229 h (maximum THI = 72) and 267 h (maximum THI = 71), respectively.
In comparing the two ventilation settings "increased maximum temperature" (setting 2; table 9) and "reduced ventilation capacity" (setting 3; table 10), the advantage of the first was that, compared with the standard setting (setting 1a; table 7), the number of hours with an indoor humidity above 80% was reduced by 60%, while for the latter, the number of hours above 80% rose by 25%.
The combination of both measures (setting 4 in table 4) reduced water consumption to at least 33 m 3 per year and therefore by about 25% compared to setting 1a. This combination also increased the number of hours with indoor temperatures above 24°C (311 h) but featured a distribution of temperature and humidity essentially similar to that of setting 1a, with a maximum THI of 72. Maximum indoor temperature was 26.8°C, and maximum indoor humidity 83%.
According to the investigations of Gates et al. (1991b) and Arbel et al. (2003) , increased efficiency in the cooling [a] Maximum humidity = 80%, ∆ T set = 3°C, control range = 3°C, maximum ventilation rate = 7500 m 3 h −1 . Shaded areas indicate the number of simulated hours below 100 (no color), between 100 and 1000 (light color), and above 1000 (dark color). [a] Maximum humidity = 80%, ∆ T set = 1.5°C, control range = 3°C, maximum ventilation rate = 5000 m 3 h −1 . Shaded areas indicate the number of simulated hours below 100 (no color), between 100 and 1000 (light color), and above 1000 (dark color).
process in relation to water consumption can be expected if fogging is combined with a reduced ventilation rate. As the inside temperature is below the outside temperature during indoor air cooling, the level of the ventilation rate affects mainly the transport of warm air into the compartment, as well as the residence time for the droplets to evaporate. However, increasing the control range of the temperaturecontrolled ventilation rate from 3°C to 6°C (Haeussermann et al., 2004b) reduced the annual simulated water consumption by only about 2 to 3 m 3 (settings 5a to 5c). Compared to settings 1a and 1b (table 4), the number of hours with indoor temperatures above 24°C was increased by about 20 h when starting the fogging at a difference of 1.5°C to the set temperature, either with continuous fogging (setting 5a) or with a cycling interval of 30/30 s (setting 5b), and by about 52 h when fogging was started at a difference of 3°C (setting 5c). Maximum THI was similar to the respective settings with a control range of 3°C (settings 1a, 1b, and 2) and reached THI = 71 (setting 5a), THI = 80 (setting 5b), and THI = 72 (setting 5c). Considering water consumption and higher indoor humidity, a wider control range offered fewer advantages compared to an increased maximum temperature or a reduction of the maximum ventilation capacity.
The simulated energy use of the ventilation fan was reduced by about 28%, from 605 to 436 kWh per year, due to indoor air cooling according to setting 1a (table 8 ). An increased difference between the maximum and set temperatures (e.g., setting 2) increased the energy use of the ventilation fan in general by about 10%. The reduction of the maximum ventilation capacity by one-third, from 7500 to 5000 m 3 h −1 (setting 3), decreased the energy use to 259 kWh, or by about 57% in total. However, considering both water consumption and energy use, the most effective cooling setting was reached with setting 4 (278 kWh), namely the combination of a reduced maximum ventilation rate (5000 m 3 h −1 ) and an increased difference between maximum and set temperatures (D T set = 3°C), i.e., shifting the temperature for turning on the fogging system towards higher indoor temperatures. An increased control range (settings 5a to 5c) decreased the energy use of the fan in general by about 30%. Nevertheless, a complete evaluation of energy savings has to include the energy consumption of the high-pressure pump in relation to the respective ventilation and housing system used (Haeussermann et al., 2006) . Total energy use depends largely on the characteristics of the specific ventilation fans and high-pressure pump and on how much they are used to their capacity, i.e., the number of animals per units.
CONCLUSION
A data-based model, developed from measurements of adiabatic indoor air cooling by fogging with fine water droplets, was integrated in a dynamic mechanistic simulation model of energy and mass transport in a mechanically ventilated pig facility. The combined simulation model allowed the simulation of indoor air temperature, indoor humidity, and ventilation rate with standard deviations between simulated and measured values of 0.9°C, 6% RH, and 3.0 m 3 h −1 pig −1 without cooling and 0.9°C, 10% RH, and 5.6 m 3 h −1 pig −1 with cooling. Mean simulated and measured temperatures and relative humidity differed by about 0.2°C and 3% RH without cooling and by about 0.6°C and 3% RH with cooling.
A positive effect of indoor air cooling by fogging was found on the temperature-humidity index. Without fogging, about 13%, 4%, and 2% of the simulated time period was in the alert, dangerous, and emergency categories, respectively. Using the fogging system, however, the hours in the alert range were reduced to 1%, and no dangerous or emergency situations occurred.
The simulated reduction in the maximum interior temperature was 6°C for the applied fogging duty cycle (30 s on / 30 s off), but was up to 10°C if fogging was performed continuously. The settings of the ventilation and fogging control further influenced the number of hours in specific temperature-humidity categories, maximum THI values, as well as water consumption and energy use.
The year-round simulation resulted in a water consumption of 2.5 L pig −1 day −1 if fogging was used on maximum settings. It was lowered by about 25% for an optimized ventilation setting, namely a reduction of the maximum ventilation rate by one-third in combination with an increased difference between maximum and set temperature.
